In the surveillance program for the reactor pressure vessel, fracture toughness is estimated by assuming that the shift of transition temperature on fracture toughness is equivalent to the shift on measured Charpy impact properties. Therefore, it is necessary to establish the correlation between both shifts of transition temperature. In this study, we applied the master curve approach adopted in the ASTM E1921 method to fracture toughness testing. The materials used are five ASTM A533B class 1 steels and one weld metal. Neutron irradiation for Charpy-size fracture toughness test specimens and standard Charpy-v specimens was carried out at the Japan Materials Testing Reactor (JMTR). A correlation between the reference temperature on fracture toughness and Charpy transition temperatures before and after irradiation is established. Based on this correlation, the optimum test temperature for fracture toughness testing is suggested. The method to determine a lower bound fracture toughness curve is also discussed.
Introduction
To assure the structural integrity of a reactor pressure vessel (RPV) throughout its operational life, fracture toughness after neutron irradiation must be determined. To do this, the surveillance program for the RPV is performed according to regulations. The results obtained from the Charpy impact tests in the surveillance program are used to estimate fracture toughness after irradiation (1) , (2) . Most codes related to the surveillance program assume that the degree of irradiation embrittlement, which is the shift of transition temperature obtained from Charpy impact tests, is equivalent to that of the fracture toughness of the RPV material. Recent research results, however, have indicated that the correlation is not always conservative for predicting the degree of irradiation embrittlement in terms of fracture toughness (3) , (4) .
Fracture mechanics methodology is therefore necessary to precisely evaluate irradiation embrittlement in order to assure the RPV integrity.
Since fracture toughness values measured by test specimens, especially small ones, of RPV steels show a large scatter in the transition temperature range, fracture toughness must be evaluated statistically. Although much research (4) has been conducted to establish the statistical treatment and evaluation method for specimen size effect, the existing methods need a large number of specimens and/or relatively large specimens (5) . Since only a small number of small specimens are available from a surveillance capsule, further research is desired to establish an improved test and analysis method for surveillance program specimens as well as to evaluate the irradiation effect on fracture toughness. A methodology to evaluate the fracture toughness of RPV steels has not been established completely, particularly in the transition temperature range. Recently the American Society for Testing and Materials (ASTM) developed a standard test method to determine the reference temperature of fracture toughness in the transition range (E1921), which is commonly called the master curve method (6) . There have also been some efforts to apply the standard to the American Society of Mechanical Engineers (ASME) Code Case (7) - (9) . Further research is still necessary to verify the test method and its applicability to the Japanese RPV steels. The international programs related to this issue are actually under way in the U.S.A. and at the International Atomic Energy Agency (IAEA).
This paper investigates the master curve method for the fracture toughness evaluation of Japanese RPV steels by using precracked Charpy-v (PCCv) specimens. Based on the results of fracture toughness tests using PCCv and standard compact tension (CT) specimens, the master curve method is studied for the specimen size effect and selecting a proper test temperature. Some of the results were obtained at the Japan Atomic Energy Research Institute (JAERI) in the framework of the IAEA Coordinated Research Project (CRP) (10) . The shifts of fracture toughness master curves due to neutron irradiation and post-irradiation annealing are then compared with Charpy transition temperature shifts.
Experiments

1 Materials
This study used five kinds of RPV steels in the ASTM A533B class 1 made by Japanese fabricators and one weld material. The chemical compositions of the materials are summarized in Table 1 . One is designated as JRQ, which was used as a correlation monitor material in the IAEA CRP (10) , (11) . Steel A and Steel B (12) correspond to the RPV steels of the 1970's and late 1980's. Steel L is similar to A533B-1 steel with a very small amount of impurities, which was used in the corrosion fatigue round robin in Japan. The last A533B-1 material, designated JSPS A533B-1, was used in the round robin study organized by the Japan Society for Promoting of Science (JSPS) (13) , (14) and was chosen because of its large database of cleavage fracture toughness for both small and large CT specimens. A weld material, 72 W (3) , was also used for the master curve round-robin test program. The last two materials, however, have not been used for neutron irradiation study. The mechanical properties of the materials at room temperature are listed in Table 2 .
2 Fracture toughness tests
The four types of specimens shown in Fig. 1 , which are PCCv, 0.5T-DCT, 1T-CT, and 4T-CT, were used in this study. In most cases, the specimens were side-grooved up to 10% of the specimen thickness on each side after precracking. The notch orientation is the T-L direction for all specimens. Each specimen was machined from a position at approximately one quarter of the thickness of the material. Fracture toughness tests were mainly performed at lower transition temperatures where cleavage fractures were observed before the maximum load of the specimen.
Testing and evaluation for fracture toughness were Table 1 Chemical compositions of materials used in this study Table 2 Mechanical properties of materials used in this study performed according to ASTM E1921 and, in a few cases, according to the ASTM standard test method for planestrain fracture toughness of metallic materials (E399) (15) . Valid plane-strain fracture toughness values were obtained from some 4T-CT specimens. An evaluation method based on J-integral (ASTM E1921) was applied to obtain fracture toughness values for each specimen. Fracture toughness values at cleavage fracture, J c , were calculated based on the area under the load-displacement curve up to the sudden load drop and the cleavage fracture load. Fracture toughness K J c values were then converted from J c values using the following Eq. (1). Young's modulus, E, was fixed to 206 GPa.
(1) The specimen size effect adjustment was applied to the results from specimens other than 1T-CT that was 25 mm thick. The adjusted fracture toughness K J c values to 1 T thickness were expressed as K J c 1 T or K J c 25 mm .
3 Irradiation
PCCv specimens of JRQ, and Steels A, B, and L, were irradiated in the Japan Materials Testing Reactor (JMTR, thermal output 50 MW). The irradiation capsule includes some fluence monitors of pure iron and aluminum-cobalt for fast and thermal neutrons, respectively. Fast neutron fluence values for the specimens were calculated based on the activation measurements of the monitors. The target values for fast neutron fluence were 2 to 13×10 19 n/cm 2 (E > 1 MeV) considering typical fluence values up to the extended operation of Japanese PWRs. The irradiation time was in a range from 590 h to 1770 h. Consequently, the fast neutron flux was 1.3 to 2 × 10 13 n/cm 2 /s (E > 1 MeV). The temperature of specimens in the capsule during irradiation was controlled in a range from 280
• C to 300
• C and was measured by thermocouples at several locations. Standard Charpy-v and tensile specimens were irradiated at the same time and under almost the same condition as the PCCv specimens. Charpy transition temperature was defined by fitting the data to a hyperbolic tangent curve.
To evaluate the effectiveness of thermal annealing on fracture toughness, PCCv specimens and some Charpy-v specimens were irradiated and annealed at 350
• C, 400
• C, and 450
• C for 100 hours.
Results and Discussion
3. 1 Master curve application to fracture toughness database More than 600 fracture toughness data points before and after neutron irradiation were collected in the transition temperature range as shown in Fig. 2 . Using the median value of 25 mm-equivalent adjusted data from other size specimens, the temperature dependence of cleavage fracture toughness within the transition range is expressed by the following equation, This master curve equation uniquely defines the cleavage fracture toughness transition curve by reference temperature, T 0 . The T 0 value for each material condition was defined as the average of T 0 values for PCCv specimens and expressed as T 0 PCCv . The master curve and the 5% and 95% tolerance bounds are illustrated in Fig. 3 . Except for the data above T 0 +60
• C where data are sparse, fracture toughness data agree well with the master curve and the tolerance bounds. When the 1T-CT data as a function of (T − T 0 PCCv ) are fitted to a similar type of Eq. (2) with a fixed constant of 30, fitting constants of 60 and 0.017 5 were obtained instead of 70 and 0.019, as indicated by the dashed line in Fig. 3 . When the temperature at 100 MPam 0.5 of adjusted PCCv data is compared with that of 1TCT data, the difference is around 10
• C.
Although the fitting, except for the data above (T 0 + 60)
• C, changes the fitting constants to some extent, the difference in the temperature at 100 MPam 0.5 remains within 8
• C. When the censoring procedure was applied to the data set including some invalid data points, it affected T 0 PCCv in some cases (16) . Except for the T 0 values based on the censoring, the temperature difference decreases to 5
• C. This difference may stem from an insufficient size effect adjustment. It may be necessary to add a margin term for the use of T 0 determined by PCCv specimens.
2 Comparison of irradiation-induced shifts
The shifts induced by neutron irradiation and postirradiation annealing were measured in several cases for Japanese RPV steels. As the specimen size effect is found, the shift was determined by T 0 values only from PCCv specimens before and after irradiation. Figure 4 compares the shifts of T 0 and Charpy T 41J obtained under equivalent irradiation conditions. In previous results in Ref. (16), the comparison indicated slightly larger shifts in T 0 than T 41J . The additional data points indicated in Fig. 4 , however, made the difference between both shifts smaller; now ∆T 0 is only 2% larger, as shown in Fig. 4 . The scatter here is not small; the standard error is about 15
• C. Fracture appearance transition temperature (FATT) is sometimes used as an index temperature because of its independence from the upper shelf energy (USE). FATT defined at the temperature of 50% shear area, T 50% , was also compared with ∆T 0 . The comparison of ∆T 0 and ∆T 50% is plotted in Fig. 5 . ∆T 0 is 29% larger than ∆T 50% as in- dicated by the fitting line. The difference in the slopes of Figs. 4 and 5 can be caused by significantly smaller ∆T 50% than ∆T 41J . Highly embrittled material with low USE shows larger ∆T 41J than ∆T 50% because the slope of the tanh fitting curve for absorbed energy is affected by the USE decrease. Figure 6 illustrates the changes in Charpy absorbed energy transition curves of Steel A. Absorbed energy values corresponding to T 50% are plotted by symbol ∆. Apparently, the energy value at T 50% decreases as the transition temperature increases. The ∆T 50% value is therefore smaller than the ∆T 41J that is defined by a constant energy level. ∆T 0 and ∆T 41J have also been presented in Refs. (17) and (18) . Figure 7 compares the shifts for base metal including the data in the references. The Ref. (17) includes the data of A302B and A533B-1 steels as well as of the weld metal. For Ref. (18), we applied the master curve method to the raw fracture toughness data and determined the T 0 shifts from the data. The regression analysis for all data provides the slope of 1.09 for the correlation. Since • C, 400
• C, 450
• C for 100 h after neutron irradiation to 8 × 10 19 (n/cm 2 , E > 1 MeV) Fig. 7 Comparison of ∆T 0 and ∆T 41J with the data of Sokolov (17) and Ishino (18) for base metal the scatter is large, further research is necessary, particularly on the initial properties including yield strength and nil-ductility transition temperature.
3 Correlation between the master curve and
Charpy transition curve In the surveillance tests, a limited number of specimens are available. In addition, the test temperature for PCCv specimens must be selected carefully to obtain a valid data set to calculate the T 0 . Therefore, it is desirable to establish the correlation between the reference temperature T 0 and the conventional Charpy transition temperature because Charpy impact tests are mandatory and the Charpy transition temperature is used in the prediction equation. Figure 8 illustrates the correlation between T 0 and T 41J with a fitting line and 5 -95% tolerance bounds.
When PCCv specimens are used for the master curve method, it has been shown in a previous study (16) that the test temperature should be 20 to 50
• C lower than T 0 , and the most suitable temperature is T 0 − 20 • C. According to the correlation between T 0 and T 41J , the appropriate test temperature for PCCv specimens, when Charpy T 41J is available, is T 41J − 60
• C. Figure 9 shows the relation between T 0 and T 41J again with the data in the Refs. (17), (17) and Ishino (18) for base metal (18) , and a band corresponding to T 0 − 20 ∼ T 0 − 50 • C. As plotted in Fig. 9 with a dashed line, the recommended test temperature is a good estimation for the temperature range investigated.
4 Lower bound fracture toughness evaluation
For the structural integrity analysis, the lower bound fracture toughness is used such as the K Ic curve in the ASME Boiler and Pressure Vessel Code. The Japanese code for fracture toughness evaluation, JEAC 4206 (19) , also provides a method to define the lower bound fracture toughness as a K Ic curve for an RPV integrity analysis under PTS events. The K Ic curve in JEAC is expressed as follows:
The parameter T 0J in Eq. (3) is determined by bounding all cleavage fracture toughness data.
This method is applied to both PCCv data and CT data, and the T 0J values were compared with the T 0 values. Figure 10 shows a relation between T 0 and T 0J obtained from 1T-adjusted data. Although some scatter is seen, the linear relation is expressed by the following equation:
By using Eq. (4), the lower bound K Ic curve of JEAC is compared with the lower tolerance bound curve by using the master curve approach. As illustrated in Fig. 11 , the K Ic curve in JEAC agreed well with a 1% tolerance bound curve in the range of (T 0 − 50)
• C to (T 0 + 100)
Recently ASME has adopted the use of T 0 as an index temperature of K Ic curve as a Code Case (20) , which is defined by the following equation,
The new K Ic curve in the ASME Code Case based on Eq. (5), as shown in Fig. 11 by a dashed line, apparently tends to increase rapidly above (T 0 +50)
• C, which may result in non-conservative estimates. Since many data points are usually required to determine the K Ic curve in JEAC, Fig. 10 Correlation of T 0 and T 0J determined from PCCv specimens Fig. 11 Comparison of lower bound fracture toughness curves the 1% tolerance bound seems to be the most useful for conservatively estimating lower bound fracture toughness. Further research is necessary to estimate lower bound fracture toughness with a small number of specimens and its transferability to integrity analysis.
Conclusion
Applying the master curve method to PCCv specimens, the analyses of fracture toughness data were performed for some RPV steels before and after neutron irradiation. The following conclusions are derived from the analyses:
( 1 ) The specimen size effect adjustment in the master curve method may not be sufficient for PCCv specimens as compared with 1T-CT data.
( 2 ) The shifts of reference temperature T 0 due to neutron irradiation are almost equivalent to Charpy 41J shifts, but are significantly larger than FATT shifts.
( 3 ) The test temperature of PCCv specimens for the master curve method is recommended based on the correlation between T 0 and T 41J : Test Temp. [
• C] = T 0 − 20 or T 41J − 60. ( 4 ) The 1% tolerance bound based on the master curve method agrees well with the K Ic curve in JEAC 4206.
